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Abstract 

As  a  fundamental  study  of  the  electrode  performance  of  a  direct  methanol  fuel  cell  (DMFC),  DMFCs  with  different  loadings  of  anode 
catalyst  were  prepared  and  operated  with  liquid  methanol  under  various  conditions  at  atmospheric  pressure.  The  DMFC  employed  Nafion  112 
as  a  solid  polymer  electrolyte  and  Pt-Ru/C  and  Pt/C  catalysts  for  the  anode  and  cathode,  respectively.  The  effects  of  the  Pt-Ru  loading  for 
anode  and,  using  the  cell  with  an  optimum  Pt-Ru  loading,  the  temperature  and  feed  rates  of  the  oxidant  gas  on  the  cell  performance  were 
investigated.  The  cell  performance  was  analyzed  based  on  the  measurement  of  the  current-voltage  characteristics  and  electrode  impedance. 
The  performance  increased  with  the  increasing  Pt-Ru  loading  up  to  a  certain  amount.  Over  this  value,  the  current  density  at  a  low  cell  voltage 
decreased  with  its  increase  resulting  in  the  reduction  of  the  power  density.  An  unstable  and  temporal  decline  in  the  performance  was  observed 
near  the  vaporization  temperature  of  the  feeding  liquid  and  at  low  feed  rate  of  oxidant  gas.  It  was  considered  that  the  mass  transfer  of  the 
materials  related  to  the  electrode  reaction  was  limiting  at  these  conditions.  The  relatively  large  power  density  of  0.12  W/cm2  was  obtained 
with  the  optimum  Pt-Ru  loadings  at  363  K  under  atmospheric  pressure. 
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1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  are  receiving  a  great 
deal  of  attention  as  alternative  power  sources  especially  for 
automobiles  and  portable  electronic  devices.  This  is  due  to 
their  positive  characteristics  such  as  simple  system-struc¬ 
ture,  reduced  system  size,  weight,  high  power-generation 
efficiency  and  environmental  compatibility.  The  status  of 
the  research  and  development  of  DMFC  including  its 
history  has  been  summarized  elsewhere  [1].  Recent  reports 
demonstrated  a  relatively  high  performance  using  a  solid 
polymer  electrolyte  such  as  Nafion  with  Pt-Ru  alloys  as  the 
anode  catalyst  [2-6]  although  the  problem  due  to  methanol 
crossover  [7-11]  still  remained.  High-pressure  operation 
between  1.5  and  5  atm  was  chosen  to  achieve  a  high 
performance  in  the  past  studies  [2,6,12,13],  however,  some 
reports  [4]  suggested  a  high  performance  even  at  atmo¬ 
spheric  pressure  by  optimizing  the  structures  and  composi¬ 
tions  of  the  electrodes.  Less  severe  conditions  of  pressure 
and  temperature  for  DMFC  are  favorable  especially  for 
portable  use. 
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To  optimize  the  electrode  structure,  there  are  many  para¬ 
meters,  like  the  composition  of  the  catalyst  itself,  catalyst 
loading,  ionomer  content  in  the  catalyst  layer,  porosity  of 
the  electrode,  etc.,  that  should  be  evaluated.  However,  very 
few  reports  are  available  for  the  effect  of  such  parameters 
[4,14,15]  on  the  performance  of  the  DMFC.  Concerning  the 
relationship  between  the  operating  conditions  and  cell 
performance,  some  reports  are  available  [7,12,14].  However, 
they  are  not  detailed  enough  to  discuss  the  mechanism 
related  to  its  performance  because  it  is  also  affected  by 
the  geometry  of  the  flow  channels  of  the  liquid  and  gas 
[14,16,17]  that  were  different  in  each  study.  Impedance 
studies  of  the  DMFC  [18,19]  are  still  lacking  and  most  of 
the  former  performance  analyses  were  mainly  based  on  only 
the  direct-current  response. 

In  this  study,  the  effect  of  catalyst  loading  of  the  anode 
on  the  performance  of  the  DMFC  was  investigated  in  order 
to  optimize  the  catalyst  layer.  The  performance  was 
evaluated  and  analyzed  by  measuring  the  current-voltage 
characteristics  and  electrode  impedance  at  atmospheric 
pressure.  Also,  the  effects  of  the  operating  conditions, 
i.e.  temperature  and  feed  condition  of  the  oxidant  gas, 
were  measured  using  a  cell  with  an  optimum  catalyst 
loading. 
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2.  Experimental 

Nation  1 12  (DuPont)  was  used  as  the  electrolyte  membrane. 
In  order  to  activate  the  proton  conductivity,  the  membrane 
was  pretreated  by  sequential  immersion  in  boiling  solutions 
of  3  vol.%  H202,  de-ionized  water,  2.5  mol/dm3  H2S04,  and 
de-ionized  water  in  that  the  order  for  1  h.  The  anode  catalyst 
used  was  Pt  (54%)-Ru/C  (TEC61E54,  Pt/Ru  =  1.5,  Tanaka 
Kikinzoku),  and  was  mixed  with  5  wt.%  Nation  117  solution 
(Wako  Inc.)  and  glycerol  in  the  weight  ratio  of  1:2. 5:3, 
respectively,  to  prepare  a  catalyst  ink  for  the  anode.  A  certain 
amount  of  the  catalyst  ink  was  uniformly  painted  onto  the 
carbon  paper  (TGP-H-120,  Toray),  and  it  was  used  as  the 
anode  after  being  dried  in  a  vacuum  oven  at  353  K  for  1  h. 
Different  Pt-Ru  loadings  were  employed  for  each  anode. 
As  the  cathode,  the  Pt/C  catalyst  layered  on  the  carbon  paper 
with  1.0mg-Pt/cm2  was  used.  In  this  case,  the  Pt  loading 
was  kept  constant  at  the  value  for  each  cathode.  The 
electrolyte  membrane  was  sandwiched  between  the  sheets 
of  the  anode  and  the  cathode,  and  then  hot-pressed  at  403  K, 
10  MPa,  for  3  min  to  assemble  the  MEA.  The  electrode 
area  of  the  MEA  was  5  cm2. 

The  schematic  diagram  of  the  experimental  apparatus  is 
shown  in  Fig.  1 .  The  MEA  was  set  in  a  single-cell  holder 
(FC05-01SP-REF,  ElectroChem  Inc.)  made  of  graphite 
blocks  with  serpentine  flow  channels.  The  holder  contained 
two  copper  plates  outside  of  the  graphite  blocks  as  the 
current  collector.  The  cell  temperature  was  controlled  with 
heating  pads  placed  outside  of  the  copper  plates.  The  oxidant 
gas  controlled  by  the  flow  meter  and  the  pressure  regulator 
was  fed  to  the  cathode  from  the  cylinder  at  atmospheric 
pressure.  The  aqueous  methanol  solution,  preheated  to  a 
similar  temperature  as  the  cell  at  the  inlet,  was  supplied  to 
the  anode  using  pump  (Iwaki,  SDK-081). 


In  the  experiment,  a  liquid-feed  DMFC  was  operated  at 
atmospheric  pressure  in  the  temperature  range  of  303-373  K 
by  feeding  aqueous  methanol  solution  to  the  anode  and  dry 
air  or  dry  oxygen  to  the  cathode.  A  2  M  (=mol/dm3) 
methanol  solution  was  fed  at  1. 5-3.0  ml/min.  The  open- 
circuit  voltage,  current-voltage  curve  and  electrode  impe¬ 
dance  were  measured  at  each  condition  by  employing  an 
electrochemical  measurement  system  (HAG-5010,  Hokuto 
Denko  Co.  Ltd.)  using  the  two-terminal  method  between  the 
anode  and  cathode. 


3.  Results  and  discussion 

3.1.  Effect  of  Pt-Ru  loading  on  DMFC  performance 

Fig.  2  shows  the  effect  of  the  Pt-Ru  loading  at  the  anode 
on  the  performance  of  the  DMFC.  The  current-voltage 
curve,  at  the  bottom,  and  the  power  density  curve,  at  the 
top,  measured  for  the  cells  with  1.0-5. 7  mg/cm2  Pt-Ru  are 
shown  in  the  figure.  The  current  density  at  a  high  cell  voltage 
increased  with  the  increasing  Pt-Ru  loading,  whereas  that  at 
a  low  cell  voltage  decreased  when  the  loading  was  over 
3.75  mg/cm2.  This  tendency  is  clearly  shown  in  Fig.  3  where 
the  current  densities  at  0.4  and  0.05  V  were  plotted  vs. 
the  Pt-Ru  loading.  The  current  density  at  0.4  V  linearly 
increased  with  the  increased  loading  and  that  at  0.05  V 
reached  a  maximum  when  the  loading  was  3.75  mg/cm2. 
At  high  cell  voltages,  i.e.  low  current  densities,  the  activation 
overvoltage  is  major  portion  in  the  total  overvoltage. 
The  increase  in  the  Pt-Ru  loading  must  then  reduce  the 
activation  overvoltage  at  the  anode.  The  linear  dependence 
of  the  increase  in  current  density  with  the  Pt-Ru  loading  at 
0.4  V,  shown  in  Fig.  3,  may  suggest  that  the  hole  in  the 
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Fig.  1.  Schematic  diagram  of  the  experimental  apparatus. 


250 


N.  Nakagawa,  Y.  Xiu/  Journal  of  Power  Sources  118  (2003)  248-255 


Current  density  (mA/cm2) 


Fig.  2.  Effect  of  Pt-Ru  loading  at  the  anode  on  the  DMFC  performance  at  353  K. 


catalyst  layer  with  the  Pt-Ru/C  effectively  functioned  as  the 
catalyst  for  the  anode  reaction  where  methanol  is  decom¬ 
posed  to  form  H+  and  CO2.  At  low  cell  voltages,  i.e.  high 
current  densities,  abrupt  decrease  of  the  cell  voltage  was 


shown  in  the  cases  where  the  loading  was  over  3.75  mg/cm2 
and  their  curves  became  sigmoid  as  shown  in  Fig.  2.  This 
suggested  that  the  concentration  overvoltage  significantly 
increased  in  these  cases.  The  concentration  overvoltage 


Fig.  3.  Relationship  between  the  Pt-Ru  loading  for  the  anode  and  the  current  densities  at  high  and  low  cell  voltages. 
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Fig.  4.  Electrode  impedance  plots  for  DMFC  with  different  Pt-Ru  loadings  for  anode. 


resulted  from  the  mass  transfer  resistance  through  the  cat¬ 
alyst  layer.  With  the  increasing  Pt-Ru  loading,  the  thickness 
of  the  catalyst  layer  increased  because  the  Pt-Ru  loading 
differed  by  changing  the  amount  of  the  Pt-Ru/C  catalyst 
painted  on  the  carbon  paper  in  this  experiment.  When  the 
methanol  concentration  was  low,  abrupt  decrease  of  cell 
voltage  at  high  current  density,  similar  to  that  shown  in 
Fig.  2,  was  also  observed  in  our  previous  experiment  [20]. 


The  decrease  in  the  current  density  at  a  low  cell  voltage 
when  the  Pt-Ru  loading  must  result  from  the  concentration 
overvoltage  caused  by  the  mass  transfer  of  methanol  through 
the  thicker  catalyst  layer  at  the  anode. 

A  comparison  of  the  power  density  curves  shown  in  the 
top  of  Fig.  2  explains  that  the  maximum  power  density  of 
0.10  W/cm2  was  obtained  from  the  cell  with  a  3.75  mg/cm2 
Pt-Ru  loading  at  this  condition.  A  much  higher  power 
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252 


N.  Nakagawa,  Y.  Xiu/  Journal  of  Power  Sources  118  (2003)  248-255 


density  would  not  be  expected  even  with  a  much  higher 
Pt-Ru  loading  if  the  anode  is  prepared  by  a  similar  procedure 
using  similar  materials  as  in  this  experiment.  For  further 
reduction  of  the  anodic  overvoltage,  alternate  materials  or 
controlling  microstructure  of  the  catalyst  layer  is  important. 
Concentration  of  PtRu  fine  particles  in  the  vicinities  of  the 
catalyst  layer/polymer  electrolyte  interface  or  enlargement 
of  the  area  of  reaction  sites  may  be  effective  to  achieve  the 
anodic  overvoltage  low  without  increasing  the  concentration 
overvoltage. 

Fig.  4  shows  the  impedance  plot  for  the  DMFCs  with 
different  Pt-Ru  loadings  measured  at  a  0.3  V  cell  voltage. 
Every  plot  consisted  of  double  semicircles  of  which  the  low 
frequency  side,  the  right-hand  side,  includes  an  inductance 
loop.  The  positive  values  of  the  imaginary  component  of  the 
impedance  at  very  high  frequency  for  5.70  mg/cm2  may  be 
caused  by  an  unexpected  error  in  the  measurement.  The 
inductance  loop  can  be  explained  by  the  reaction  mechanism 
with  a  series  of  single  steps  of  adsorbed  intermediate  species 
with  different  rates  as  reported  by  Muller  et  al.  [18].  The  size 
of  the  semicircle  on  the  high  frequency  side,  the  left-hand 
side,  significantly  decreased  with  the  increasing  Pt-Ru  load¬ 
ing  from  2.70  to  3.75  mg/cm2  and  5.70  mg/cm2,  while  that 


on  the  low  frequency  side  was  almost  the  same.  An  electrode 
reaction  generally  responds  at  high  frequency  compared  to 
the  processes  with  mass  transfer.  The  activation  overvoltage 
attributed  to  the  main  factor  which  controls  the  current 
density  at  the  high  cell  voltage  shown  in  Fig.  2  may  be 
due  to  electrode  reaction  at  the  anode. 

3.2.  Effect  of  temperature  and  oxidant  gas 

Figs.  5  and  6  show  the  performance  of  the  DMFC  with  a 
3.75  mg/cm2  Pt-Ru  loading,  measured  at  different  tempera¬ 
tures  using  air  and  oxygen,  respectively.  From  these  figures, 
the  open-circuit  voltage  was  extracted  and  plotted  versus 
the  temperature  in  Fig.  7.  As  shown  in  Figs.  5  and  6,  the 
power  density  increased  with  increasing  temperature  up  to 
353  and  363  K  for  air  feeding  and  oxygen  feeding,  respec¬ 
tively.  Over  these  temperatures,  the  performance  decreased 
and  was  unstable.  The  increase  in  the  temperature  increased 
the  open-circuit  voltage  as  shown  in  Fig.  7  and  also  reduced 
the  activation  overvoltage  according  to  the  Arrhenius  rela¬ 
tion,  thus  resulting  in  a  higher  performance.  However,  the 
performance  reached  a  maximum  just  below  the  boiling 
temperature  of  the  solution  at  370  K  under  atmospheric 
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Temperature  (K) 

Fig.  7.  Effect  of  temperature  on  the  open-circuit  voltages  of  the  DMFCs. 

pressure.  This  suggests  that  boiling  of  the  solution  reduces 
the  cell  performance.  Small  bubbles  of  the  vapor  formed  in 
the  catalyst  layer  and  diffusion  layer  may  obstruct  mass 
transfer  of  the  liquid  methanol. 


By  comparing  Figs.  5  and  6,  one  can  easily  understand 
that  the  power  density  with  oxygen  feeding  was  almost  twice 
that  with  air  feeding  at  each  temperature  except  for  that  of 
303  K.  This  suggests  that  the  overvoltage  at  the  cathode  was 
a  relatively  large  of  the  total  overvoltage  of  the  cell  when 
using  air.  The  maximum  power  of  0.12  W/cm2  was  obtained 
at  363  K  with  oxygen.  We  may  say  this  is  a  relatively  large 
value  for  the  power  obtained  at  atmospheric  pressure.  When 
using  air,  the  open-circuit  voltage  (OCV)  was  lower  than  that 
of  O2  feeding,  i.e.,  almost  0.03  V  lower  below  340  K  and 
0.05  V or  more  above  350  K.  The  decrease  in  OCV  would  be 
caused  by  the  decrease  of  chemical  potential  of  oxygen  that 
reacts  with  proton  at  the  cathode.  When  the  circuit  was 
closed,  the  cell  voltage  significantly  dropped  with  increasing 
the  current  density  resulting  in  sigmoid  curves  over  333  K. 
At  303  K,  the  activation  overvoltage  was  significant  and  the 
mass  transport  was  not  important  thus  resulting  in  similar 
performance  when  using  air  and  oxygen. 

Figs.  8  and  9  show  the  electrode  impedance  plots  obtained 
at  different  temperatures  when  using  air  and  oxygen,  respec¬ 
tively.  The  size  of  the  plot  decreased  with  increasing  tem¬ 
perature  up  to  353  and  363  K  for  air  and  oxygen  feeding, 
respectively,  and  the  shape  of  the  plot  remained  similar  in 


Fig.  9.  Electrode  impedance  plots  measured  at  different  temperatures  with  oxygen  feeding. 
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Fig.  10.  Effect  of  flow  rate  of  air  to  the  cathode  on  the  current-voltage 
curve. 


each  figure.  The  size  of  the  semicircle  at  low  frequency  for 
the  air  feeding  was  significantly  greater  than  that  for  the 
oxygen  feeding.  This  may  be  related  to  the  mass  transfer  of 
oxygen  at  the  cathode  because  the  mass  transfer,  like  gas 
diffusion  and  surface  diffusion,  responds  at  a  relatively  low 
frequency.  However,  further  study  is  needed  to  relate  the 
shape  of  the  impedance  plot  and  the  reaction  mechanism  in 
detail. 

3.3.  Effect  of  flow  rate  of  oxidant  gas 

Figs.  10  and  1 1  show  the  effect  of  flow  rate  of  the  air  and 
oxygen  on  the  current-voltage  characteristics,  respectively. 
The  current-voltage  curve  was  sensitive  to  the  flow  rate  of 
air  but  not  to  that  of  oxygen.  When  the  partial  pressure  of 
oxygen  was  low,  like  air,  the  mass  transfer  rate  of  oxygen 
from  the  bulk  to  the  reaction  site  of  the  cathode  may  be 


Fig.  11.  Current-voltage  curves  measured  at  different  flow  rate  of  oxygen. 


affected  by  the  flow  rate.  An  unstable  performance  that 
disturbs  the  current  was  commonly  observed  when  the  flow 
rate  was  relatively  small  in  both  cases  as  shown  in  the 
figures.  That  was  considered  to  be  due  to  the  effect  of 
produced  water  that  obstructs  the  mass  transfer  of  oxygen 
or  covers  some  of  the  reaction  sites  at  the  cathode.  These 
results  suggested  that  the  supply  of  abundant  oxygen  to  the 
reaction  site  and  smooth  removal  of  the  produced  water  from 
the  electrode  was  important  in  order  to  reduce  the  over¬ 
voltage  at  the  cathode.  This  is  common  to  the  polymer 
electrolyte  fuel  cells  which  use  hydrogen  as  fuel. 

Although  only  the  effect  of  the  structure  of  the  anode 
catalyst  layer  was  evaluated  in  this  paper,  further  improve¬ 
ments  in  the  cell  performance  are  expected  by  optimizing 
the  cathode  catalyst  layer  that  is  planned  in  our  future  work. 

4.  Conclusions 

A  DMFC  with  different  Pt-Ru  loadings  was  prepared  and 
operated  at  various  temperatures  and  oxidant  gas  feeding 
conditions  at  atmospheric  pressure  as  a  fundamental  study  to 
investigate  the  electrode  performance  of  the  DMFC.  The 
following  conclusions  were  obtained: 

1.  The  cell  performance  increased  with  the  increasing  Pt- 
Ru  loading  for  the  anode  up  to  a  certain  amount.  Over 
this  amount,  the  current  density  at  a  low  cell  voltage 
decreased  with  its  increase,  resulting  in  the  reduction  of 
the  power  density. 

2.  The  cell  performance  was  significantly  affected  by  the 
oxidant  gas,  oxygen  and  air.  The  feed  rate  is  also 
important  especially  for  air  feeding. 

3.  The  electrode  impedance  plot  shows  double  semicircles 
with  an  inductance  loop  at  low  frequency  side. 

4.  A  relatively  large  power  density  of  0.12  W/cm2  was 
obtained  at  363  K  at  atmospheric  pressure  with 
optimized  Pt-Ru  loading  for  the  anode. 
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